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Manipulations affecting mesolimbic dopamine transmission exert specific effects on normal and patholog-
ical aspects of motivation, altering some functions while sparing others. Laboue`be et al. (2013) show that
insulin induced long-term depression in ventral tegmental neurons, which was associated with reduced
responsiveness to food-related stimuli but spared aspects of food-seeking behavior.The mesolimbic dopamine (DA) system,
which originates in ventral tegmental
area (VTA) and projects to ventral striatal
areas such as nucleus accumbens, plays
an important role in motivation. Dysfunc-
tions of mesolimbic DA transmission
contribute to motivational symptoms of
several psychopathologies, as well as
features of substance abuse. Although it
has become common to refer to DA neu-
rons as ‘‘reward’’ neurons, this oversim-
plified view is giving way to the more
nuanced recognition that dissociable as-
pects of motivation are differentially
affected by dopaminergic manipulations
(Salamone and Correa, 2012). Food moti-
vation is a complex set of processes that
involves consummatory behavior as well
as the propensity to exert effort or expend
energy in order to obtain food. Accum-
bens DA depletions or antagonism do
not reduce primary food motivation or
appetite (Kelley et al., 2005) or alter
hedonic reactivity to sweet solutions (Ber-
ridge, 2007). The DA antagonist flupe-
thixol did not affect the palatability of
food reinforcement (Wassum et al.,
2011), and the pattern of effects produced
by DA antagonists or accumbens DA de-
pletions on food-reinforced instrumental
behavior do not closely resemble the
effects of appetite suppressant drugs
(Randall et al., 2012) or prefeeding (Pardo
et al., 2012; Randall et al., 2012; Salamone
and Correa, 2012). Nevertheless, interfer-
ence with DA transmission affects as-
pects of food-seeking behavior, reducing
the tendency towork for food and blunting
active responses to food-related stimuli
(Salamone and Correa, 2012).
A recent article (Laboue`be et al., 2013)
further highlights the dissociable natureof distinct aspects of motivation by study-
ing the effects of insulin on VTADA neuron
activity and observing the associated
behavioral sequelae. Insulin is a pancre-
atic peptide hormone that has multiple
effects on energy homeostasis (Figlewicz
and Sipols, 2010). In mouse brainstem
slices, Laboue`be et al. (2013) showed
that insulin induced long-term depression
(LTD) of excitatory postsynaptic currents
evoked from VTA DA neurons. LTD is a
form of synaptic plasticity in the brain
and is thought to be related to aspects
of learning, memory storage, and informa-
tion processing. Insulin-induced LTD was
dependent upon insulin signaling, and
although insulin did not alter GABAA-
mediated inhibitory postsynaptic cur-
rents, it did suppress the excitatory
postsynaptic currents meditated by
AMPA and NMDA receptor stimulation.
Furthermore, insulin-induced LTD in VTA
neurons involved activation of the
phosphatidylinositol 3-kinase/Akt/mTOR
signaling cascade. Interestingly, the in-
duction of LTD in VTA neurons also
depended upon endocannabinoid-medi-
ated presynaptic inhibition of glutamate
release; the cannabinoid CB1 receptor
antagonist/inverse agonist AM25 blocked
the insulin-induced LTD, while the CB1
receptor agonist WIN 55,232-2 induced
an LTD response similar to that produced
by insulin.
In order to investigate the behavioral
significance of insulin-induced LTD,
several experiments were performed.
Rats fed a sweetened high-fat diet, which
is highly palatable and able to induce
feeding in sated animals, showed
reduced amplitude of insulin-induced
LTD in VTA neurons. Additional studiesCell Metabolismfocused on the effects of local VTA insulin
injections on food-related behaviors. In
one experiment, mice were trained to
consume their daily caloric intake in a
4 hr period, and then on the test day
were assessed in a cage in which food
was placed behind a Plexiglas barrier
containing four small holes, which pre-
vented access to food for 15 min. Intra-
VTA injections of insulin suppressed
food-related anticipatory activities (loco-
motion, rearing, and digging). In another
experiment, injections of insulin into the
VTA of rats reduced the preference for
contextual cues associated with food
reinforcement, as measured by condi-
tioned place preference. Thus, VTA injec-
tions of insulin suppressed the impact of
food-related cues on behavioral activa-
tion and approach. However, some as-
pects of food-reinforced behavior were
unaffected by insulin injected into the
VTA. Lever pressing on a progressive ratio
schedule (a task in which the work
requirement progressively increases)
that was reinforced either by sucrose or
by sweetened condensed milk was not
suppressed by intra-VTA injections of
insulin.
Taken together, these important results
demonstrate that insulin, via actions on
the VTA, can induce selective alterations
in some aspects of food-motivated
behavior, while leaving others intact. It is
important to emphasize that the intact
progressive ratio responding after VTA in-
jections of insulinmeans that primary food
reinforcement, as well as exertion of
effort, were left unimpaired by this
manipulation.
Based on these findings, Laboue`be
et al. suggest that VTA injections of insulin17, April 2, 2013 ª2013 Elsevier Inc. 469
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tual stimuli. This is a useful exploratory
hypothesis, but further experiments are
needed. Additional research should focus
on the effects of intra-VTA insulin on other
procedures related to the impact of
conditioned stimuli and activational as-
pects of motivation, including Pavlovian-
to-instrumental transfer and schedule-
induced activities like locomotion, wheel
running, or polydipsia. Furthermore,
although progressive ratio lever pressing
is one way of measuring exertion of effort,
tests of effort-related decision making
that offer animals explicit choices
involving cost/benefit analyses (Randall
et al., 2012; Salamone and Correa, 2012)
may be more sensitive. The specific rela-
tion between the electrophysiological
LTD effects and the behavioral actions of
VTA insulin also needs to be clarified.
Because DA antagonism and nucleus
accumbens DA depletions affect food-
reinforced responding on ratio schedules,
including progressive ratio (Randall et al.,
2012; Salamone and Correa, 2012), it ap-
pears that intra-VTA insulin is not simply
mimicking the effects of accumbens DA
depletions. Thus, insulin may affect spe-
cific aspects of DA transmission (e.g.,
fast burst firing involved in cue-related
signaling; Laboue`be et al., 2013) while
leaving others (i.e., slow phasic changes,
tonic DA levels) intact. Finally, the role of470 Cell Metabolism 17, April 2, 2013 ª2013cannabinoids needs further investigation.
Although CB1 antagonists/inverse ago-
nists suppress feeding and food-rein-
forced responding (Randall et al., 2012),
CB1 receptor blockade in the Laboue`be
et al. (2013) article reversed the insulin-
induced LTD. Moreover, CB1 receptor
stimulation induced an LTD that resem-
bled the effects of intra-VTA insulin injec-
tions, which would suggest that VTA
injections of CB1 agonists should actually
blunt responsiveness to food-related
stimuli, despite the fact that systemic
administration of these drugs tends to in-
crease feeding.
Other peptides, including leptin and
ghrelin, also interact with DA systems to
modulate aspects of food motivation,
but in highly specific ways. Leptin acts
on the lateral hypothalamus to regulate
body weight, caloric intake, and body fat
in rats, but interacts with mesolimbic DA
to modulate effort-related responding
for food (Davis et al., 2011). Moreover,
blockade of DA D1 family receptors atten-
uated the ability of ghrelin to stimulate the
tendency of rats to work for sucrose on a
progressive ratio schedule, but did not
affect licking parameters (Overduin et al.,
2012). Together with these studies, the
Laboue`be et al. (2013) article highlights
an important link between the actions of
peripheral hormones and central neuro-
transmitters such as DA and opens upElsevier Inc.an exciting new window into the investi-
gation of the complex behavioral process
regulated by hormones such as insulin.
REFERENCES
Berridge, K.C. (2007). Psychopharmacology (Berl.)
191, 391–431.
Davis, J.F., Choi, D.L., Schurdak, J.D., Fitzgerald,
M.F., Clegg, D.J., Lipton, J.W., Figlewicz, D.P.,
and Benoit, S.C. (2011). Biol. Psychiatry 69,
668–674.
Figlewicz, D.P., and Sipols, A.J. (2010). Pharmacol.
Biochem. Behav. 97, 15–24.
Kelley, A.E., Baldo, B.A., Pratt, W.E., and Will, M.J.
(2005). Physiol. Behav. 86, 773–795.
Laboue`be, G., Liu, S., Dias, C., Zou, H., Wong,
J.C., Karunakaran, S., Clee, S.M., Phillips, A.G.,
Boutrel, B., and Borgland, S.L. (2013). Nat. Neuro-
sci. 16, 300–308.
Overduin, J., Figlewicz, D.P., Bennett-Jay, J., Kit-
tleson, S., and Cummings, D.E. (2012). Am. J.
Physiol. Regul. Integr. Comp. Physiol. 303, R259–
R269.
Pardo, M., Lo´pez-Cruz, L., Valverde, O., Ledent,
C., Baqi, Y., Mu¨ller, C.E., Salamone, J.D., and
Correa, M. (2012). Neuropharmacology 62, 2068–
2077.
Randall, P.A., Pardo, M., Nunes, E.J., Lo´pez Cruz,
L., Vemuri, V.K., Makriyannis, A., Baqi, Y., Mu¨ller,
C.E., Correa, M., and Salamone, J.D. (2012).
PLoS ONE 7, e47934.
Salamone, J.D., and Correa, M. (2012). Neuron 76,
470–485.
Wassum, K.M., Ostlund, S.B., Balleine, B.W., and
Maidment, N.T. (2011). Learn. Mem. 18, 475–483.
